Strain is commonly used in metal-oxide-semiconductor technologies to boost on-state performance. This booster has been in production for at least a decade. Despite this, a systematic study of the impact of strain on off-state leakage current has been lacking. In this work we use experimental data and ab-initio calculations to develop new models to account for the impact of strain on band-to-band tunnelling and trap-assisted tunnelling in silicon. We observe that the strain can dramatically increase the leakage current, depending on the type of tunnelling involved. For band-to-band and trap-assisted tunnelling, low uniaxial strains of 0.1% can increase the leakage current by 60% and 10% compared to the unstrained case, respectively. Using our models, we predict that compressive strain on the order of 1% can increase the leakage current by 150 times. Conversely, tensile strain at most doubles the leakage current in all observed cases. Though detrimental in conventional transistors, these processes can boost the performance of Tunnel Field Effect Transistors.
I. INTRODUCTION
Leakage currents in metal-oxide-semiconductor (MOS) devices are undesirable as they drain power supply resources in integrated circuits and systems. The International Technology Roadmap for Semiconductors 1 (ITRS) specifies leakage targets for current and future generation MOS technologies, but it is not fully understood how difficult many of these targets will be to achieve, which physical mechanisms are most responsible, and what should be done to alleviate the expected problems. Literature on diode leakage has been available for many decades now, however there are a number of aspects of modern MOS device processing and design that necessitates an update on the study reverse biased junction leakage. Strain is considered mandatory for modern and future CMOS technologies, for on-state performance enhancement. 2, 3 This is achieved by an improvement of carrier mobilities in the device channel. Tensile strain is preferred for n-channel Si devices for electron mobility improvement, while compressive strain is better for p-channel Si devices. Strain can be introduced globally across the wafer, via epitaxial engineering of the substrate. Alternatively there are a number of local strain technologies including capping layers, such as SiN, or heteroepitaxial integration in the source and drain regions, such as SiGe in p-channel Si devices. However all these strain enhancements have focused on the on-state drive current in the MOS device, while relatively little study has been given to the impact of strain on the off-state. a) Electronic mail: philip.murphy@tyndall.ie
Off-state leakage current can originate at the reverse biased drain junction. Physical mechanisms to note here are band-to-band tunnelling (BBT), Shockley-Reed-Hall (SRH) and trap-assisted tunnelling (TAT).
In this work we measure the leakage current vs strain in several Si diode samples, selected to isolate the contribution from the different tunnelling mechanisms. We also use ab initio electronic structure theory calculations to extract the electron-phonon coupling responsible for BBT and the strain effects on the band structure and carrier populations.
We find that compressive strain can have a dramatic deleterious effect on the leakage current, leading to a 4 -150 times increase for 1% uniaxial strain. Interestingly, BBT is the mechanism that makes Tunnel Field Effect Transistors (TFETs) possible. 4 While an increase in BBT current is harmful to conventional MOSFETs, it can enhance the performance of TFETs, and strain is already being explored to this effect.
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II. EXPERIMENTAL METHODS
In a previous work, 6, 7 Si diodes were fabricated carefully with different doping concentrations in the substrate in order to isolate different leakage mechanisms, including BBT, SRH and TAT. This enabled a closer evaluation of these reverse leakage mechanisms. In summary the process flow consisted of standard processing to define the active area and poly-buffered LOCOS isolation. A 5 nm screen oxide was deposited before the implants and anneals. For the n + /p diodes high-concentration arsenic was implanted shallow and then given a high thermal budget anneal of 1100
• C for 5 min to drive-in the dopant. Thereafter the low-concentration doped region was formed by a boron implant. The rest of the flow consisted of an 1100 • C 0 s spike anneal to activate the dopants, a clean step to remove the screen oxide, and the deposition of a Ti/TiN contact layer. Finally a 650 nm layer of AlCu metal was deposited and patterned. Current-voltage characteristics of the fabricated diodes were measured using a HP4155 parameter analyzer. A thermochuck was used to investigate temperature dependency. For each structure and split several die were measured. Most of the measurements were done on square diodes, consisting of a rectangular active area with a high area perimeter ratio. For completeness perimeter current was extracted by comparing currents from meander structures with the same area but different isolation perimeters, and this was subtracted from the total square diode current. In all square diodes the perimeter component of the leakage current was several orders of magnitude lower than the area contribution. The mechanical stresses were applied using a four-point wafer bending system. Using this system, we studied the effects of both uniaxial tensile and compressive strain. Details of the mechanical stress equipment can be found in Refs. 8 and 9.
III. BASIC THEORY AND DEFINITIONS
Prior to the analysis of the experimental results, a brief review of important theory is now presented. For the sake of this discussion we assume the carriers are electrons. Generation mechanisms that lead to leakage currents are temperature and/or electric field dependent. To extract what mechanisms are dominating we need to analyse (1) the voltage dependence and (2) the temperature dependence of the leakage current. The most relevant to our study are diffusion current, direct transition thermal generation, Shockley Read Hall (SRH) generation, trap assisted tunnelling (TAT), and band to band tunnelling (BBT). Diffusion current occurs when carriers, which are at a higher energy than the potential barrier, diffuse across from one side of the junction to the other. Thermal generation occurs when electrons are thermally excited, by light or heat, and make the vertical transition directly into the conduction band. SRH generation is temperature dependent, electric field dependent, and relies on the presence of deep levels in the depletion region. SRH generation occurs when an electron that is trapped in a deep level, gains energy, and climbs out of the Coulombic well. SRH dominated current is proportional to the width of the depletion region and thus V 0.5 . TAT can be considered as SRH in the presence of an electric field, or as a combination of electron capture and tunnelling through the barrier. In this case the tunneling electron uses a deep level trap in the depletion region as a stepping stone to make the transition. BBT occurs when the electric field across the junction is strong enough to propel an electron from the valence band on the p-side through the potential barrier and forbidden band gap, into the conduction band on the n-side.
Fm , where E g is the silicon band gap (= 1.12 eV), and F m is the maximum electric field.
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In other words the probability of BBT increases if the electric field increases or if the tunnelling distance decreases. Hurkx et al. reported that BBT becomes important above a local electrical field strength of 7 × 10 5 V/cm.
11 An effective method for determining the different physical components in reverse leakage currents is to perform measurements at elevated temperatures, 12,13 as some generation mechanisms are temperature dependent while others are independent. Ideal diffusion current is proportional to n 2 i , so the temperature dependence behavior is related to the temperature dependence of n i , which is n i ∝ exp − Eg 2kT . Thus I ideal ∝ exp − Eg kT , and the activation energy (E A ) is expected to be close to E g . For direct transition thermal generation E A is also expected to be close to E g . SRH generation is proportional to the intrinsic carrier concentration, n i . The temperature dependence behavior is thus related to the temperature dependence of n i , so I SRH ∝ exp − Eg 2kT , and E A is expected to be Eg 2 . TAT is also temperature dependent and the extracted E A of the current characteristics will indicate a trap level within the band gap. Usually this value is close to Eg 2 . In general the temperature dependence of BBT is related to the temperature dependence of E g . As a rule of thumb, BBT increases approximately ×2 for a 100
• C increase above room temperature, so E A is quite close to 0 eV. 
IV. NEW MODEL ACCOUNTING FOR STRAIN
To model the leakage current vs. strain, we have modified the models by A. Schenk 14 for BBT and G.A.M. Hurkx for SRH and TAT. 15 The band structure of Si under strain is calculated using the 30-band k.p model of Rideau et al. 16 The electron-phonon coupling necessary for the BBT is calculated using Density Functional Perturbation Theory, available in the code Abinit, 17, 18 as in Refs. 19-21. The total current density may be modelled by
with the ionisation coefficient
where F (x) is the electric field and α n∞ and b n are fitting parameters related to avalanche breakdown. The ideal diode current density j i is given by
where
is the saturation current density, assuming a step doping profile, and e is the electron charge, n i the intrinsic carrier concentration, N a and N d are the acceptor and donor densities, D n and D p the diffusion charge coefficients, and τ n and τ p are the electron and hole lifetimes. At the carrier concentrations considered in this work, the contribution of j i to the total current is negligible.
The trap assisted tunnelling rate R trap is given by Eq. 6 of Ref. 11, where E(x) = E T − E i (x), E T and E i are the trap and intrinsic Fermi energies, respectively. R trap includes the SRH tunneling rate when Γ ≪ 1 at low electric field. In contrast to Ref. 11,we consider the six conduction and three valence band valleys independently. Therefore we define 
e |F |
and analogously for Γ 
and
is the local conduction band minimum (valence band maximum), and is given by the band structure at zero field and the local electrostatic potential, ψ(x) defined below. E cn = E c (x n ) and E vp = E v (−x p ) are the conduction and valence band edges at the n and p sides, respectively. x n,p are the positions of the n and p sides, defined below.
The
where Ai(x), Ai(x) and Ai 1 (x) are Airy functions, ± corresponds to emission (+) and absorption (−) of a phonon, V 
where m c depends on the conduction band valley, and is given by m cx = m cy = 0.19m e and m cz = 0.95m e , and m v is given below. The maximum electric field F m , and the depletion width W are given in terms of the applied voltage by assuming a step doping profile (and can be changed to account for a more realistic doping profile), given by the potential,
that results in an electric field,
the n and p sides are given by
The maximum electric field,
with the junction width given by
and the junction voltage V d given by
where E F n and E F p are the quasi Fermi energies in the n and p sides respectively. The DOS and conductivity masses at the valence band are parametrized from the total band structure as an average in the occupation of holes:
respectively, with E v the energy of valence band v, and E F the Fermi level. See Figs. 2(b) and 2(e) for the stress dependence of the current and DOS masses, respectively. All parameters in the BBT current density are determined ab initio. The inter-valley electron-phonon coupling is given by the inter-valley deformation potentials as
where D c/v is the inter-valley deformation potential for a phonon linking the Γ and ∆ at the conduction/valence band, ρ is the density and ω i is the frequency of phonon with polarisation i. The deformation potentials and frequencies are listed in Table II . The optical couplings between valence and conduction band are determined from the k.p model hamiltonian
FIG. 5. Contributions from the currents due to BBT (red)
and Trap (black) vs applied stress at a reverse bias voltage of -1 V. The current represented by the solid BBT curve neglects the strain contribution to the indirect gap E ig and to the effective mass in the transport direction. The dashed BBT curve includes the full strain dependence.
V. FITTED QUANTITIES
The effective densities of acceptor impurities N a for samples AB1 and AB3 are determined by the BBT dom- inated current at high |V |. In AB5 it is determined together with the trap lifetime τ . They all agree with the measured doping densities at the junction 6 of 6.1 × 10 18 , 1.9 × 10 18 and 1 × 10 17 for AB1, AB3 and AB5 respectively. Many of the parameters involved in TAT are very hard to calculate, as the number, energy and lifetimes of the traps are unknown. We have therefore fitted the lifetime τ and the trap energies E T . From Eq. 5 we can see that τ is a scaling factor at all voltages. The effect of E T is more complicated, and changes the slope of the current vs. voltage. Therefore, E T has a large effect on the response to strain, affecting the sign of the slope of the current vs. strain.
We considered τ to be both strain and voltage independent. The trap energies E T are considered as voltage independent, and a strain dependence given by E T (y) = E i (0) + A + By + Cy 2 , based on a fit to the E T s vs strain y, with E i (0) the intrinsic Fermi energy at zero strain. However, the strain response of E T of sample AB5 was found to be negligible. The fitted quantities can be found in Table I . Figure 3 shows the measured and modelled current densities for the samples considered.
The electron-phonon process responsible for BBT is related to that causing indirect photon absorption and emission in Si. This has been explored from first principles in a previous work, 23 however the deformation potentials have not been published, and hence we present ours here in Table II. Vandenberghe and Fischetti 24 have studied BBT using ab initio calculated the electronphonon coupling parameters. However, they considered a direct valence-to-conduction electron-phonon route, rather than one mediated by the electric field, as in the analysis by A. Schenk 14 (see Figure 1) . It is beyond the scope of this paper to determine which of these two routes is formally correct. However, we present the calculation of the current densities with parameters calculated entirely ab initio, and find good agreement to our measured currents in BBT dominant samples (see Fig. 3 ).
VI. DISCUSSION
We measured and calculated the reverse bias current percent-change along the (001) direction as a function of uniaxial stress in the (100) direction in all the samples. Figure 4 shows these for samples AB1, AB2 and AB3, respectively. For such small stresses, the change in current density effected by the strain is quite large, up several percent for strains of up to 0.13% (see also results for BA2 in Ref. 25) . At voltages −0.5 < V < 0 the measured change of the current with stress can be of several 10s of percent (not shown). From Eqns. 5 and 12 we expect the behaviour of TAT and BBT currents to be very different under applied strain. From our model, samples AB1 and AB3 are dominated by TAT between 0 and -1.5V, and BBT thereafter (see Figure 3 ). The crossover from TAT to BBT at -1.5 V can also be clearly seen in the strain response shown in Fig. 4 .
Our model reproduces the current vs. voltage behaviour very well, but overestimates the response to strain. This may be due to several reasons, such as reduced transfer of stress into the sample, or the effect of very high doping on the strain response of the band gaps. In our calculations, we did not include any effects of the doping on the band gaps and effective masses. The BBT is exponentially sensitive to variations in the indirect band gap, and doping may be reducing its change with strain. Measurements at higher strains and further study into the effects of doping on the band gap in the presence of strain are required to answer these questions.
Strain affects BBT and TAT differently, as shown in Figure 5 . Notably, BBT is most sensitive to compressive stress. Under enough compressive stress, BBT can become dominant over the other tunnelling mechanisms. Figure 5 shows the predicted calculated leakage current densities at stresses normally used for enhancing the mobility of Si in transistor channels (∼ 1%) at V = −1V applied voltage. Worryingly, the leakage current can increase by 4 to 50 times in TAT and BBT dominant devices under compressive stress at at V = −1V, and up to 20-150 times at higher voltages, where the current is dominated by BBT. Conversely, tensile stress affects the leakage to a lesser degree, and may reduce it in purely BBT transport.
The reasons for the change in the current due to strain are multiple, and different for the each of the tunnelling mechanisms. As strain is applied, the six ∆ valleys in silicon change their energies. If compressive strain is applied, the valleys along the (100) direction (x in the figures) shift down in energy, while the (010) and (001) valleys (y and z) shift up, resulting in a smaller indirect gap and consequently a larger proportion of electrons in the x valleys (see Figs. 2(c) and 2(a) ). Conversely, under tensile strain the z valleys have the lowest indirect gap and contain most of the electrons. Holes mostly populate the heavy hole band (hh) regardless of strain (see Fig.  2(d) ). However, the density of states effective mass of the heavy holes (m DOS,hh ) is strongly affected by strain (see Fig. 2(e) ). Which conduction band valleys are predominantly populated affects all tunnelling mechanisms because of two factors: the indirect energy gap E ig c and the effective mass in the direction of transport m c .
From Eq. 5 we see that the strain dependence of TAT is proportional to that of n i , and hence not very strong (see Fig. 2(f) ). In addition to being proportional to n i , TAT depends on the effective masses in the direction of transport, and on the relative population of the conduction and valence band valleys through Γ i . As mentioned before, the current response to strain is highly sensitive to E T . For AB5, the total current increase at ±2 GPa was found to vary between 1.7 and 18 times for |E T − E i (0)| ≤ 0.04 eV. Fig. 5 shows the prediction of the TAT current using the fitted value of E T at small strain of Table I (solid-black line). However, the fit of E T is only valid for stresses up to ± 180 GPa, and is not expected to hold for the range of strains considered here. Instead, we believe a constant E T (y = 0) to be a better estimate of E T at higher strains, shown in Fig. 5 as a dashed-black line. The different choice affects our prediction of the effect at high tensile stress, giving a decrease in current for the small strain fit. We believe this decrease to be unrealistic, as it requires |∆E T | ∼ 0.1−0.5 eV.
The response of BBT to strain depends on many factors, often cancelling each other. In the particular case of the dashed curves in Fig. 5(a) and (b) , the effects of m DOS,v and the effective masses in the direction of transport are strong, but in competition with each other. The strongest effect is due to the dependence on the indirect gap E ig as the argument in H(x), and can account for all of the increase in current under compressive strain in Fig. 5 .
VII. CONCLUSION
We have measured the effect of uniaxial stress on the leakage current of Si diodes. The samples were chosen to elicit the different leakage current mechanisms, i.e. band to band, trap assisted and Shockley-Reed-Hall tunnelling. We find that strain strongly affects the leakage current for all types of tunnelling. Less than a percent strain can elicit several percent change in the leakage current. The effect is most dramatic for BBT. We have also developed a model partially based on first principles calculations to explain these results, and predict the effect of commonly used strains on the leakage current of devices. We find relatively good agreement between our calculations and the measurements, and are able to explain many of the observed features. Most importantly, we predict that compressive strain can dramatically increase the leakage current, while tensile strain suppresses it.
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